Traumatic axonal injury (TAI) is thought to be a major contributor to cognitive dysfunction following traumatic brain injury (TBI), however TAI is difficult to diagnose or characterize non-invasively. Diffusion tensor imaging (DTI) has shown promise in detecting TAI, but direct comparison to histologically-confirmed axonal injury has not been performed. In the current study, mice were imaged with DTI, subjected to a moderate cortical controlled impact injury, and re-imaged 4-6 h and 24 h post-injury. Axonal injury was detected by amyloid beta precursor protein (APP) and neurofilament immunohistochemistry in pericontusional white matter tracts. The severity of axonal injury was quantified using stereological methods from APP stained histological sections. Two DTI parameters -axial diffusivity and relative anisotropy -were significantly reduced in the injured, pericontusional corpus callosum and external capsule, while no significant changes were seen with conventional MRI in these regions. The contusion was easily detectable on all MRI sequences. Significant correlations were found between changes in relative anisotropy and the density of APP stained axons across mice and across subregions spanning the spatial gradient of injury. The predictive value of DTI was tested using a region with DTI changes (hippocampal commissure) and a region without DTI changes (anterior commissure). Consistent with DTI predictions, there was histological detection of axonal injury in the hippocampal commissure and none in the anterior commissure. These results demonstrate that DTI is able to detect axonal injury, and support the hypothesis that DTI may be more sensitive than conventional imaging methods for this purpose.
Introduction
Traumatic brain injury (TBI) is a major cause of acquired brain injury in both children and adults. There are an estimated 1.5 million new cases a year in the US and currently 5.3 million Americans (2% of the US population) live with disabilities resulting from TBI (Thurman et al., 1999) . TBI occurs when acute, external physical forces cause injuries to the brain structure that result in impaired brain function. Common mechanisms of this injury include motor vehicle accidents, falls, assault, or blast injury (Adams et al., 1984; Thurman et al., 1999; Warden, 2006) .
Traumatic axonal injury (TAI), also referred to as diffuse axonal injury (DAI), is thought to be a major contributor to cognitive dysfunction in patients following TBI (Adams, 1982; Blumbergs et al., 1994; Gennarelli et al., 1982; Grady et al., 1993; King et al., 2005; Medana and Esiri, 2003; Meythaler et al., 2001; Nevin, 1967; Oppenheimer, 1968; Pilz, 1983; Povlishock et al., 1992; Povlishock and Katz, 2005; Smith et al., 2003a,b; Strich, 1956 Strich, , 1961 .
Axonal injury has been characterized histologically using silver stains (Strich, 1961) , horse-radish peroxidase uptake (Erb and Povlishock, 1988; Povlishock et al., 1983) , and, most commonly in recent years, neurofilament (Christman et al., 1994; Grady et al., 1993; Maxwell et al., 1997; Yaghmai and Povlishock, 1992) or amyloid beta precursor protein (APP) (Blumbergs et al., 1994; Gentleman et al., 1993; Sherriff et al., 1994; Stone et al., 2000) immunohistochemistry. Previous studies have shown that the histological characterization of axonal injury by neurofilament and APP immunostaining serve as complementary markers of axonal injury (Marmarou et al., 2005; Stone et al., 2001) . APP, which normally traverses the length of the axon (Koo et al., 1990) , accumulates at axonal retraction bulbs and varicosities in response to injury (Gentleman et al., 1993; Lewen et al., 1995; Sherriff et al., 1994; Smith et al., 1999; Stone et al., 2000 Stone et al., , 2001 . In addition, it is thought that the structural integrity of the axonal cytoskeleton breaks down leading to increased neurofilament immunoreactivity following injury (Grady et al., 1993; Maxwell et al., 1997; Povlishock and Katz, 2005; Stone et al., 2001; Yaghmai and Povlishock, 1992) .
TAI is difficult to diagnose or quantify ante-mortem, and new diagnostic methods are needed. Diffusion tensor MR imaging (DTI), has shown promise for detection of axonal injury (Arfanakis et al., 2002; Huisman et al., 2004; Inglese et al., 2005; Mori and Zhang, 2006; Nakayama et al., 2006; Wieshmann et al., 1999; Wilde et al., 2006) , but the sensitivity and specificity of DTI measurements have not been established. DTI is likely to have similar properties in humans and experimental animals, as shown by comparisons between humans with multiple sclerosis and animal models of demyelinating diseases (Bammer et al., 2000; Filippi et al., 2001; Kim et al., 2006; Song et al., 2005) . This method has been used to detect white matter pathology in experimental animal models of neurological diseases (Gaviria et al., 2006; Gulani et al., 2001; Nair et al., 2005; Ono et al., 1995; Song et al., , 2003 Song et al., , 2005 , including traumatic spinal cord injury (Deo et al., 2006; Nevo et al., 2001; Schwartz et al., 2005) by exploiting its sensitivity to white matter orientation. It can provide information about brain microstructure by quantifying isotropic and anisotropic water diffusion (Huisman et al., 2003; Neil et al., 2002; Sundgren et al., 2004) . Experimental evidence has shown that water diffusion has a directional asymmetry (anisotropy) in organized tissues such as muscles or brain white matter (Beaulieu, 2002; Mori and van Zijl, 2002) . In white matter tracts, where most or all of the axons are aligned in a parallel fashion, diffusion parallel to the axons is greater than diffusion perpendicular to the axons. This parallel diffusion -termed axial diffusivity -is relatively unhindered, whereas the perpendicular diffusion -termed radial diffusivity -is restricted by surrounding structures like the axolemma and myelin sheath. When axonal injury occurs, diffusion along the axon is expected to decrease; intracellular diffusion may be hindered by membranes after severed axons reseal, and extracellular diffusion may be hindered by large axon retraction balls that compress the extracellular spaces around axons. In addition, diffusion might also increase perpendicular to the axon if the axolemma and/or myelin sheath are compromised.
In contrast to DTI, conventional diffusion weighted imaging (DWI) uses only diffusivity averaged across all directions. This technique is sensitive to cerebral infarctions, certain infectious processes such as abscesses, and other pathologies that affect the global diffusion of water. It is commonly used as an imaging technique for TBI patients (Huisman et al., 2003) to assess for the presence of cerebral ischemia (Le Bihan et al., 1986; Warach et al., 1992) . It may not be as sensitive as DTI to axonal injury in white matter that does not result in infarction (Arfanakis et al., 2002; Huisman et al., 2004) . Specifically, elements of the diffusion tensor may change in response to injury in such a way that average diffusivity changes very little. For example, a decrease in axial diffusivity accompanied by increased radial diffusivity would result in marked reduction in the anisotropy of diffusion, but little change in average diffusivity. This sort of change is especially likely to occur in white matter or other tissues with elevated baseline anisotropy due to highly structured intrinsic directionality. These considerations raise the prospect of more sensitive axonal injury detection compared with traditional methods of imaging, such as CT and conventional MRI (i.e. DWI, T1 and T2 imaging), which assess mainly hemorrhage and edema (Arfanakis et al., 2002; Gupta et al., 2005; Neil et al., 2002; Pierpaoli et al., 1996; RuggGunn et al., 2001; Wieshmann et al., 1999) .
In theory, DT imaging can provide microstructural and architectural information about axons, but it is unknown whether this technique can be used to establish patterns of axonal injury in practice (Arfanakis et al., 2002; Le Bihan, 2003) . Decreased diffusion along the axonal fiber tract and increased diffusion perpendicular to the fiber tract have been observed experimentally (Song et al., 2003) . There is reduced anisotropy in some human patients with TBI (Arfanakis et al., 2002; Gupta et al., 2005; Huisman et al., 2004; Inglese et al., 2005; Rugg-Gunn et al., 2001; Wieshmann et al., 1999) , but there have been no studies to our knowledge that directly correlate MRI abnormalities with histologically verified TAI. Thus, we sought to establish the MRI correlates of traumatic axonal injury in an animal model where direct histological evaluation could be performed.
We hypothesized that regions of reduced relative anisotropy (RA) seen in DTI images would correspond to areas of histologically verified traumatic axonal injury. While technically challenging to image, mice were chosen due to the potential for evaluation of the effects of various human genes in the response to and recovery from TBI (Longhi et al., 2001; Sabo et al., 2000; Teasdale et al., 2005) . In support of our hypothesis, we found statistically significant decreases in RA mainly due to the decreases in axial diffusivity (AD) in regions with TAI, relative to controls. These regions of TAI were not detected with conventional MRI.
Materials and methods

Experimental design
For these experiments, male and female, 8-10 week old B6SJL F1 mice (N = 10, Jackson Labs, Bar Harbor, Maine) were utilized. Mice were imaged before injury using DTI so that each mouse could serve as its own control. Following the control image acquisition, a moderately severe controlled cortical impact TBI was performed under general anesthesia. Mice were re-imaged 4-6 h and/or 24 h after injury using the same imaging parameters as in the pre-injury imaging session. Immediately after post-TBI imaging was completed at each time point, groups of mice were sacrificed and their brains examined using APP and neurofilament immunohistochemistry. An additional uninjured control group was sacrificed for histological comparison (N = 5). All procedures involving animals were approved by Washington University's Animal Studies Committee and are consistent with NIH guidelines for the care and use of animals.
Diffusion tensor imaging (DTI)
Diffusion can be evaluated by measuring the signal intensity attenuation (I) as a function of the gradient factor or b-value (Beaulieu, 2002) .
In this equation, b is a ffunction of (i) the magnetogyric ratio of the nucleus of interest, (ii) gradient strength and (iii) timing parameters of the diffusion-sensitizing gradients. The value D is the apparent diffusion coefficient in the direction of the diffusion sensitizing gradient. Gradients were applied in six directions in order to measure the six independent elements of the diffusion tensor. This allows for the calculation of the following DTI parameters; axial diffusivity, radial diffusivity and relative anisotropy. Axial diffusivity (AD) denotes the extent of diffusion in the direction of maximal diffusivity. In white matter this direction is typically parallel to the orientation of the axons and is the first eigenvalue in the diffusion tensor.
Radial diffusivity (RD) is defined as the extent of diffusion perpendicular to the direction of maximal diffusivity. This is assumed to include diffusion through the axolemma and myelin, as well as through intracellular and extracellular space perpendicular to the predominant orientation of the axons. RD is calculated from the average of the second and third eigenvalues in the diffusion tensor.
The apparent diffusion coefficient (ADC), or trace is an overall measure of diffusion and is the mean diffusivity of the three principle eigenvalues.
Relative anisotropy (RA) is a measure of the directional asymmetry of diffusion. It is defined as the standard deviation of the eigenvalues normalized by the mean of the diffusivity 〈D〉.
Magnetic resonance imaging
To acquire DTI images, mice were anesthetized with isoflurane (5% induction and 0.5-1% maintenance). Following the methods of Song et al. (2003) they were placed in a 4.7T scanner (Oxford Instruments 200/330) with an actively shielded gradient coil (180 mT/m, 400 μs rise time), which interfaces with a Varian UNITY-INOVA console controlled by Sun Microsystems Ultra-60 Sparc workstation. For imaging prior to injury, anesthesia was maintained at 1% isoflurane via a nose cone. For imaging post-injury, mice were re-anesthetized with a low dose of isoflurane (0.5-0.7%). A lower dose of isoflurane was used to re-anesthetize because the animals were more sensitive to the anesthesia post-injury. The animals were placed in an MR-compatible stereotaxic frame in the scanner. Respiration was monitored with two fiber optic cables that detected the chest motion of the animal. The signal was fed into an oscilloscope that displayed the chest motion for monitoring throughout the experiment (Garbow et al., 2004) . Body temperature was maintained by circulating warm water in tubing surrounding the animal. Anatomical landmarks were used to center and align the brain in each image plane. Identical markers were used both before and after injury, in order to obtain anatomically matched coronal image slices at both time points.
A multi-slice, spin-echo imaging sequence, modified to include the Stejskal-Tanner diffusion sensitizing gradient pair, was used to acquire the diffusion weighted images . These images were acquired with a repetition period (TR) of 3 s, spin-echo time (TE) 43 ms, time between application of gradient pulses (Δ) 25 ms, diffusion gradient duration (δ) 10 ms, slice thickness 0.5 mm, field-of-view 2.0 cm, data matrix 128 × 128 (zero filled to 256 × 256). Diffusion sensitizing gradients were then applied along six directions: [Gx,Gy,Gz] 2 . This resulted in a voxel size of 78 μm × 78 μm × 0.5 mm after zero fill. This voxel size was chosen to obtain high resolution images allowing visualization of the boundaries between gray and white matter on coronal slices (Figs. 2 and 3 ). Total imaging time was ∼ 3 h per animal.
Experimental traumatic brain injury
After the initial DTI scan, mice received 5% isoflurane in air (inhalation to effect, administered in an induction chamber for approximately 60 s), and were placed in a stereotactic frame (MyNeuroLab, St. Louis, MO). Anesthesia was maintained with 2.5% isoflurane via a nose cone. Eye lubricant was applied to both eyes to decrease potential for drying during the surgery. The heads of the mice were shaved and the surgical area was swabbed with betadine. A midline incision was made and the scalp was reflected to expose the skull. A 5 mm left lateral craniotomy was performed using a motorized drill mounted to the stereotactic arm. A low voltage DC circuit touch detector (custom built by the Washington University Electronics Shop) was used to determine when the tip first contacted the dura. The impactor tip was then mechanically elevated away from the brain, and the desired impact depth was digitally set. A controlled cortical impact injury was produced with an integrated electromagnetic impact accessory (Brody et al., 2006; Kessons et al., 2005) . The impact was centered at 2.7 mm lateral from midline and 3 mm anterior from lambda. The impactor tip diameter was 3 mm and the depth and velocity were 2.5 mm and 5 m/s respectively. This produces a moderately severe injury with pronounced behavioral deficits, but virtually no mortality (Brody et al., 2006) . After injury, a plastic skull cap was secured over the impact site with Vetbond adhesive and the skin incision was sutured closed. The closed suture area was swabbed with vetropolycin, an antibiotic ointment, and the animals were allowed to fully recover.
This impact depth was chosen based on previous experiments conducted in our laboratory which characterized the electromagnetic impactor, touch detector, and stereotaxic system used for these experiments. The 2.5 mm impacts created lesions that were similar histologically to those produced by 1.5 mm impacts using a pneumatic impactor system. Specifically, differences between methods arise because of reduced mechanical overshoot, earlier contact with the cortical surface during alignment of the impactor tip, and slight protrusion of the cortex due to the use of ring head holders (Brody et al., Journal of Neurotrauma, in press ). This injury produces a contusion in the cortex and hippocampus directly underlying the impactor tip (Fig. 1C) , and pericontusional white matter injury in surrounding regions of corpus callosum and external capsule (Figs. 1, 2 and 6).
Histology
After images were acquired post-trauma, animals were immediately sacrificed for histology. Animals received an overdose of pentobarbital and were perfused transcardiacally with ice-cold phosphated-buffered-saline + 0.3% heparin. After sacrifice, brain tissue was fixed in 4% paraformaldehyde for 24 h and then equilibrated in 30% sucrose. Serial coronal slices 50 μm thick were cut on a freezing microtome. Every sixth section was used for histology. Floating tissue sections were washed 3× in Tris-buffered saline (TBS) for 5 min each and was then permeablized in TBS-X (containing 0.025% Triton X) for 15 min. Sections were incubated with 0.3% H 2 O 2 in TBS for 10 min at room temperature to block endogenous peroxidase. Following the incubation, sections were rinsed in TBS 3× for 5 min each, and then the tissue was blocked with 3% normal goat serum in TBS-X for 30 min at room temperature. It was further blocked with 1% goat serum in TBS-X and incubated with either polyclonal rabbit anti-beta-APP (Invitrogen, Carlsbad, CA), in a 1:500 dilution or monoclonal mouse antineurofilament 68 clone NR4 (Sigma, St. Louis, MO) in a 1:100 dilution overnight at 4°C. The protocol was optimized using multiple dilutions, two different APP antibodies, 3 different neurofilament antibodies and several antigen retrieval techniques. The following day, sections were washed 3× in TBS for 5 min and incubated with a biotinylated secondary goat antiRabbit antibody (beta-APP) or goat anti-mouse IgG (neurofilament) for 1 h at room temperature in a 1:1000 dilution (Vector Laboratories, Burlingame, CA). Following the application of the secondary antibody, the sections were washed 3× in TBS for 5 min each, incubated with ABC Elite (Vector Laboratories, Burlingame, CA) at a 1:400 dilution in TBS for 1 h at room temperature, then washed with TBS 3× for 5 min and developed with 3,3′-Diaminobenzidine (DAB) tablets (Sigma, St. Louis, MO). A final series of three TBS washes were preformed for 5 min each. The tissue was mounted on Superfrost-Plus microscope slides (Fisher, Houston, TX) and allowed to dry. Once dry, the slides were dipped for 1 min each in 50-70-95-95-100% ethanol solutions, followed by two treatments for 4 min each in Xylene. Finally the slides were coverslipped with Fig. 2 . Definition of regions of interest containing histologically verified axonal injury. A region of interest within the corpus callosum and external capsule containing APP stained axons was described. Boundaries were noted for these regions and these boundaries were used for quantitative analysis of the DTI image sets. In the example shown, the midline was used as one boundary and a horizontal line extending laterally from the inferior edge of the fimbria was used as the other boundary. Similar boundaries for nine rostral to caudal sections were applied to the DTI data sets for quantitative analysis (vhc: ventral hippocampal commissure, fi: fimbria). Center panel adopted from Franklin and Paxinos (1997) .
Cytoseal 60 (Richard-Allan Scientific, Kalamazoo, MI) and allowed to dry. Positive APP staining or positive neurofilament staining was visualized with a light microscope (Nikon Eclipse E800) and digital images were acquired for comparison with DTI.
Histological definition of a region of interest (ROI) containing axonal injury in corpus callosum and external capsule
The anatomical extent of axonal injury in the corpus callosum and external capsule was described based on the APP stained histological slides. The regions containing axonal injury were not well captured by standard anatomical definitions, so specific ROI boundaries were determined for each coronal slice. Specifically, the ROI was defined as follows: In the most rostral regions displaying a complete corpus callosum (Bregma + 1.10 mm to − 0.34 mm) (Franklin and Paxinos, 1997) , the boundaries were the midline and the lateral edge of the cingulum. Moving more caudally (Bregma − 0.34 mm to − 1.06 mm), the ROI included the corpus callosum and external capsule from midline to a boundary defined by a horizontal line extending laterally from the bottom of the fimbria until it intersected with the external capsule (see Fig. 2 ). The ROI in the most caudal slices (Bregma − 1.06 mm to − 3.08 mm) included the corpus callosum and external capsule from midline to a boundary defined by a similar horizontal line extending laterally from the lateral-inferior edge of the hippocampus. We verified that all chosen anatomical landmarks were clearly visible on MR images, and all determinations of the ROI were made by blinded observers.
Analysis of DTI images using anatomically defined regions of interest
Analysis was performed with ImageJ software (NIH). The ROI was traced on both the ipsilateral and contralateral side through nine coronal slices for each control and post-TBI image set. For the post-TBI image sets, the ROI was retraced using the same anatomical landmark-based rules as used for the control images. These post-TBI ROI's were not necessarily identical in shape to the control ROI's, as the anatomical landmarks and boundaries between gray and white matter were often slightly distorted by the injury (Figs. 2, 3 , and 8). ROI tracing was performed using the T2 images. The ImageJ software binding feature allowed for the simultaneous replication of the traced ROI to the other imaging modalities (RA, AD, RD, and TR). At the epicenter of the injury, there was disruption of cortex, white matter tracts, and hippocampus; signal abnormality was apparent on all of the imaging modalities. The epicenter was omitted from the ROI and only the remaining visible white matter was traced. The ImageJ program returned the average signal intensity for the traced sub-region of interest on each slice. The average signal intensity for the complete ROI was obtained by calculating the average across all slices, weighted by the fraction of total pixels in each slice.
A portion of the images were traced again 10 days after the initial tracing was performed to determine intra-observer agreement. All parameters were compared (i.e. RA, AD, RD, trace, T2) between the first and second tracings. The quantitative data from of each set of tracings of the same region exhibited a 98% correlation (r 2 = 0.979). It was concluded that the ROI tracing method did not add significant variance.
Stereological quantification of axonal injury as defined by APP immunostaining
A stereological method was employed to quantify the numbers of APP stained axons per cubic mm in the regions of interest. This method utilizes the techniques of unbiased estimation of the numbers of a particular type of discrete object, in this case APP-stained, injured axons, in a defined three dimensional volume (Sterio, 1984) . This analysis was performed using StereoInvestigator 6.0 (Microbrightfield) and a Nikon Eclipse E800 microscope. Gunderson coefficient of error (m = 1) was maintained below 0.05 for each set. Counts were performed by a blinded observer. The optical fractionator technique was employed to count a systematic random sample of positively stained axons over the entire rostral to caudal extent of the regions of interest. For each coronal slice from each animal, the ROI was outlined at low power (4×) followed by systematic counts of individual injured axons at high power (60×: oil immersion) over sites within the ROI randomly chosen by the StereoInvestigator software. A 40 × 40 μm counting frame was used (Fig. 5A ) and a 15 μm deep region was sampled. Injured axons were defined by the presence of APP stained varicosities that were 8 μm in diameter or greater and were in focus within the 15 μm deep counting region, beyond the 2.5 μm guard zone. Red blood cells and other non-axonal stained structures were not counted.
The volumes of the complete regions of interest were calculated using the Cavalieri principle; the area of the region of interest in each sampled slice was multiplied by the distance between sampled slices and the resultant volumes were summed. The total volume of the sampled regions was calculated by multiplying the area of each counting frame (1600 μm 2 ) by the thickness of the sampled region (15 μm), and then multiplying by the number of counting frames sampled, which varied from animal to animal. To estimate the total number of injured axons within the complete region of interest, the number of injured axons counted was multiplied by the volume of the region of interest and divided by the volume sampled. To estimate the number of injured axons per cubic mm, the estimate of total injured axons was divided by the volume of the sampled region.
MRI-based definition of secondary regions of interest
A second set of regions of interest were chosen to determine whether DTI changes could predict regions of axonal injury, as defined by APP and neurofilament immunostaining. The hippocampal commissure and anterior commissure were chosen for this purpose. The boundaries of these ROI's were based on a standard atlas (Bregma + 0.38 mm for anterior commissure, and Bregma − 0.70 mm for hippocampal commissure; Franklin and Paxinos, 1997) .
Statistical methods
All data was analyzed using Statistica 6.0 (StatSoft). Quantitative results from corresponding ROI's were compared between the control and post-trauma image sets. Paired T-tests were used as there was no evidence for deviation from the normal distribution (Shapiro-Wilks W-test) for any of the parameters. The 4-6 h post-trauma and 24 h post-trauma data were pooled as there were no significant differences in any of the MRI or histological parameters. Prespecified hypotheses were that RA and AD would decrease after TBI, so one-sided paired T-tests were used for these two parameters. For RD, Trace, and T2, there were no prespecified hypotheses about the direction of change, so two-sided, paired T-tests were employed. The threshold for statistical significance was set to p < 0.05 without correction for multiple comparisons. For comparison of the extent of the axonal injury from subregion to subregion, a one-way ANOVA was used followed by a Fisher post-hoc test to correct for multiple comparisons.
Results
TAI was detectable following CCI injury in the corpus callosum of adult mice (Fig. 1) . TAI was identified using APP and neurofilament immunohistochemistry. No APP staining in white matter was observed in uninjured animals (Figs. 1A, D) . No staining was observed when the primary antibody was omitted (not shown). We examined the morphology of the APP stained structures under high magnification (Figs. 1E, F) . Oblong and round structures were noted, corresponding to the accumulation of APP in axonal varicosities. These structures were confirmed in all areas of positive staining with APP antibody in the damaged white matter. These findings were consistent with previous descriptions of traumatic axonal injury (Gentleman et al., 1993; Lewen et al., 1995; Sherriff et al., 1994) . CCI produced a large area of necrosis and tissue loss that was readily apparent histologically in mice sacrificed 4-6 h and 24 h after injury (Fig. 1C) . In the remaining white matter tracts, adjacent to the epicenter of the necrosis, APP staining was clearly present (Fig. 1F) . A gradient of axonal injury was observed, indicated by positively stained injured axons that were most frequent directly adjacent to the epicenter, and decreased in numbers with increasing distance away from the epicenter. White matter tracts distal to the site of injury did not show APP staining (not shown).
For further verification of axonal injury, adjacent sections were stained with the anti-neurofilament light chain antibody, NR4 (Figs. 1G, H, I ). As with APP staining, the neurofilament staining was most dense adjacent to the epicenter and then tapered off with distance away from the epicenter. Positive staining for NR4 was noted in a similar distribution to APP immunostaining (Figs. 1H,  I ). There typically was no staining contralateral to the injury site or in uninjured tissue. These findings are consistent with previous descriptions of axonal injury as defined by neurofilament light chain immunostaining (Christman et al., 1994; Grady et al., 1993; Marmarou and Povlishock, 2006; Marmarou et al., 2005; Yaghmai and Povlishock, 1992) .
The spatial extent of the axonal injury in the corpus callosum and external capsule was described using anatomical parameters, which would then be used to define the ROI's for DTI analysis (Fig. 2) . The anatomical regions of interest containing TAI were defined in such a way as to capture approximately 90% of the corpus callosum and external capsule containing consistently identifiable APP stained axonal varicosities. In the example shown in Fig. 2 , the midline was used as one boundary and a horizontal line extending laterally from the inferior edge of the fimbria was used as the other boundary. Similar boundaries for nine rostral to caudal sections were then applied to the DTI data sets for quantitative analysis. Overall, the pattern of APP staining was consistent between animals, allowing the same boundary rules to be used across all mice in the study (see Materials and methods).
Several DTI (RA, AD, and RD) and conventional MRI (trace, T2 relaxation) parameters were analyzed for each ROI. White matter in the control images had high RA, as would be expected for anisotropic tissue, whereas there was a reduction in RA in the post-TBI images (Fig. 3) . The RA and AD images revealed abnormalities in white matter that were not apparent in the other image sets (Fig. 3) . RA images contained a gradient of reduced signal, most severe adjacent to the epicenter of the injury, and normalizing with increased distance away from the epicenter. This was similar to the gradient of axonal injury observed histologically. The RD, trace, and T2 images showed no apparent signal change after TBI compared to control images. Outside the ROI in the cortex and hippocampus within the epicenter of injury, there were clearly visible signal abnormalities on all imaging modalities, corresponding to histologically defined necrosis and tissue loss (not shown).
Only the remaining white matter outside of the epicenter was analyzed, as a primary goal of this study was to determine whether DTI could detect changes associated with axonal injury.
Quantitative analysis of the mean values of MRI parameters within ROI was performed (Fig. 4) . The relative anisotropy (p = 0.00001) and the axial diffusivity (p = 0.005) were significantly reduced after injury compared to control (1-sided, paired T-tests). In contrast, conventional MRI imaging (i.e. trace, T2 relaxation) showed no statistically significant difference between the control and post-injury images in the ROI containing axonal injury. There were no significant changes in radial diffusivity following TBI (Fig. 4A) . For each mouse scanned before and after TBI, there was a consistent decrease in RA following trauma (Fig. 4B) . A scatter plot of the data for each mouse shows the separation of the RA values No differences between ipsilateral and contralateral values were seen in controls. RA in the contralateral ROI's after TBI overall was similar to control, with the exception of data from 2 mice. Upon histological re-examination these two brains were found to have some contralateral axonal injury.
ipsilateral to the site of injury in comparison to the contralateral side and to control (Fig. 4C) . There was no overlap of values between control and post-TBI data sets ipsilaterally. In two mice there was a reduction in RA in the contralateral ROI following TBI. On careful re-examination of the histology from these two brains; APP immunostaining was apparent on the contralateral side, whereas such staining was absent in the other brains. There were no significant differences between the ipsilateral and contralateral sides of the control data sets. These results provided initial support for the hypothesis that DTI may be capable of detecting histologically-verified axonal injury, and that this technique may be more sensitive for this purpose than conventional MRI.
Next, the changes in DTI parameters were correlated with the number of APP immunostained axons per cubic mm within the ROI for each mouse. Changes in RA and AD were expressed using normalized relative anisotropy and normalized axial diffusivity. These were calculated by dividing RA or AD in the injured ROI by the mean RA or AD in the ipsilateral ROI from the control group. There was a strong correlation between changes in RA and the numbers of APP stained axons per cubic mm (r 2 = 0.7895, p = 0.0014; Fig. 5 ). The data was tightly clustered around the regression line, such that the 95% confidence bands were narrow. The correlation between normalized AD and APP stained axons per cubic mm was also significant (r 2 = 0.551, p = 0.03; not shown) although not as strong.
Given this result, we further hypothesized that there would be a correlation between the extent of RA signal change and the number of APP stained axons per cubic mm within subregions spanning the spatial gradient of observed injury. To test this hypothesis, the corpus callosum in a single coronal section at the level of the early rostral presentation of the septofimbrial nucleus was subsectioned into 5 similarly sized regions (Fig. 6) . APP stained axons were counted separately in each subregion ipsilaterally and contralaterally. These subregions were applied to the DTI data set for analysis (Fig. 6) .
Quantitative analysis of the subregions (Fig. 7) revealed that two of the central subregions showed significant decreases in RA when compared to the equivalent subregions on the contralateral side (Fig. 7A) . Stereological counts of the numbers of APP stained axon per cubic mm showed significant increases in subregions two, three, and four (Fig.  7B , one-way ANOVA p = 0.00008, F 4,40 = 7.97). In this coronal slice, there was essentially no contralateral injury or RA signal abnormality, even in the two brains with decreased RA and axonal injury in the complete ROI noted above (Fig. 4B) . The correlation between the normalized RA values and the numbers of APP stained axons per cubic mm in these subregions was modest but statistically significant (p = 0.0021). The correlation was not as strong as that seen using the entire ROI (r 2 = 0.7895, Fig. 5 ), possibly due to imperfect anatomical coregistration of the data sets at the level of the individual subregions (see Discussion). Overall, these quantitative correlations strengthen the evidence that DTI is capable of detecting axonal injury.
In the previous analyses, we used regions of interest defined by histologically-verified axonal injury and investigated the corresponding MRI signal characteristics. We next performed the converse analysis and tested the ability of DTI signal abnormalities to predict the presence of histologically-defined axonal injury (Figs. 8 and 9 ). We first analyzed the hippocampal commissure, as there were clear abnormalities on DTI following Fig. 7 . Quantitative analysis of the spatial gradients of relative anisotropy signal changes and histologically-defined axonal injury. (A) Relative anisotropy as a function of subregions, as defined in Fig. 6 . There was a significant reduction in relative anisotropy ipsilaterally in subregions two and three when compared to the contralateral subregions (Student's t-test, p < 0.05). (B) Number of APP stained axons per mm 3 on the ipsilateral side as a function of subregion. There were significant differences between subregions, specifically; subregions two, three, and four were found to be significantly different than subregions one and five (p < 0.05) (one-way ANOVA p = 0.00008, F 4,40 = 7.97 followed by Fisher post-hoc analysis). (C) Correlation between normalized relative anisotropy and numbers of APP stained axons per mm 3 was significant (p = 0.0021). Dashed lines represent 95% confidence band. TBI in this region (Fig. 8A) . Specifically, there were significant decreases in RA and AD, with a slight increase in RD in the ipsilateral hippocampal commissure following TBI compared to control (Fig. 8B) . There was also a significant decrease in RA and a significant increase in RD in the contralateral hippocampal commissure. Additionally, there was a statistically significant decrease in RA ipsilaterally compared to contralaterally in the injured group. There were no significant differences between ipsilateral and contralateral sides of the control group (not shown). Based on these findings and on our previous results, we predicted that there would be axonal injury to both the ipsilateral and contralateral sides of the hippocampal commissure with greater damage on the ipsilateral side. This prediction was confirmed histologically; upon evaluation of the hippocampal commissure region there was dense APP staining ipsilaterally, which extended into the contralateral side where it was less dense (Fig. 8A , bottom right panel) as well as neurofilament staining (not shown). No APP or neurofilament staining was observed in the uninjured hippocampal commissure. There was a significant decrease in relative anisotropy following injury in both the ipsilateral and contralateral hippocampal commissure relative to control. Axial diffusivity was reduced more prominently in the ipsilateral hippocampal commissure than on the contralateral side. Additionally there was a significant increase in radial diffusivity on both the ipsilateral and contralateral sides relative to control. In contrast, conventional imaging methods (i.e. trace, T2 relaxation) showed no significant changes.
We also analyzed the anterior commissure, which in contrast appeared normal on DTI after injury (Fig. 9) . In this region, there were no significant changes when comparing both ipsilateral and contralateral sides of the post-TBI and control scans (Fig. 9) . Based on this result, we predicted that there would be no axonal injury in the anterior commissure on both the ipsilateral and contralateral sides following trauma. Again this prediction was confirmed, as there were no positively stained axons using APP or neurofilament immunohistochemistry in the anterior commissure in either the trauma or control groups (Fig. 9) . Thus, DTI signal changes could be used to predict areas of axonal injury. In contrast, conventional MRI revealed similar characteristics in injured and uninjured hippocampal commissure and did not distinguish an injured region like the hippocampal commissure from an uninjured one, like the anterior commissure. 
Discussion
In summary, we found that histologically-verified traumatic axonal injury could be detected using diffusion tensor imaging in a mouse model of TBI. Likewise, DTI could also be used to predict areas of axonal injury. Two DTI parameters, relative anisotropy and axial diffusivity, showed statistically significant decreases after trauma in areas of injured white matter. Of the parameters studied, changes in relative anisotropy correlated best with the density of APP stained injured axons. Parameters associated with conventional MR imaging showed no significant changes in the same regions; DWI-trace and T2 relaxation were sensitive to effects related to necrosis at the epicenter of the lesion, but did not reflect the more subtle changes associated with axonal injury. This indicates that DTI is likely to be more sensitive to TAI than conventional MRI.
Axonal injury was confirmed in the peri-contusional regions following controlled cortical impact in the mouse as evidenced by APP and neurofilament immunostaining. This has also been described recently by others using de Olmos silver staining following injury (Hall et al., 2005) . This description of axonal injury following controlled cortical impact in the mouse is important on its own, as the use of mice may make it possible to study the effects of relevant human genes on axonal injury severity and recovery from axonal injury using transgenic and knockout animals (Longhi et al., 2001; Sabo et al., 2000) .
The experimental traumatic brain injuries used in the current study are in many respects different from those seen in human clinical TBI. The controlled cortical impact model produces a central contusion and surrounding pericontusional axonal injury, whereas much of the traumatic axonal injury in humans occurs in a scattered, multifocal distribution. The axonal injury in our mouse model may be most directly analogous to the welldescribed subset of peri-contusional white matter lesions seen in human TBI patients (Cervos-Navarro and Lafuente, 1991; Strich, 1961) . While the mechanisms of injury differ (direct cortical impact in the mice vs. deformation of the brain within the skull in humans), the characteristics of the pericontusional white matter injury in mice and humans are quite similar overall (Cervos-Navarro and Lafuente, 1991; Strich, 1961) . In addition, the histological features of these pericontusional injuries are comparable to those seen in white matter that is not immediately adjacent to contusions (Cervos-Navarro and Lafuente, 1991), and the signal abnormalities detected using DTI in our study are concordant with those seen in such injuries (Arfanakis et al., 2002; Huisman et al., 2004; Inglese et al., 2005) . This suggests that our findings may be applicable to both peri-contusional and non peri-contusional white matter injuries. Of course, this should not be assumed to be true, and could be tested empirically. Specifically, the DTI signal characteristics of white matter lesions that are adjacent to contusions could be compared with the DTI characteristics of white matter lesions distant from contusion injuries in human TBI patients. Likewise, the DTI signal characteristics of non-contusional traumatic white matter injury in animal models (Gennarelli et al., 1982; Gennarelli et al., 1989; Smith et al., 1999) could be assessed and correlated with histological findings.
The recent development of high-resolution DTI imaging techniques makes work in animals with small white matter tracts, such as mice, technically feasible. The structure of the corpus callosum and external capsule in mice is such that high resolution images within each coronal plane are needed to clearly visualize the boundaries between gray and white matter. In contrast, these white matter regions are anatomically continuous and relatively homogenous throughout the anterior-posterior extent of the forebrain, so the same level of resolution is not needed between coronal slices. There may be some partial volume effects due to the thickness of the slices used (0.5 mm), and this does represent a limitation of the current study. However, to keep imaging time within the range that can be tolerated by an anesthetized animal while obtaining the necessary high resolution coronal images, a slice thickness of 0.5 mm was determined to be optimal.
The extent of injury was quantified using stereological techniques. These techniques allowed for the unbiased systematic random sampling of regions of interest to quantify the extent of axonal injury as evidenced by APP immunostaining. Although robust in its ability to determine the density of APP stained axonal varicosities in an unbiased fashion, there is a possibility that over-counting of injured axons may occur as a single injured axon may have multiple APP stained varicosities. In addition, under-counting may occur as some injured axons may not stain with APP (Marmarou et al., 2005; Stone et al., 2001) . Thus, the quantitative estimates of axonal injury should be regarded as approximate. Advanced methods using multiple markers of axonal injury and explicit corrections for double-counting are under development, but are beyond the scope of this current manuscript. Despite these limitations, stereological quantitative methods provide marked advantages over semi-quantitative methods, such as thresholding, region scoring systems, and injured axon counts performed in a nonsystematic fashion. There was a strong correlation between changes in relative anisotropy and the density of APP stained axons. It will be interesting to determine whether this correlation improves even further if multiple markers of axonal injury are used.
Axonal injury was observed to occur in a spatially graded pattern; its severity appears to fall off with distance from the epicenter of the focal injury in this model. Therefore, no single anatomical structure included all of the axonal injury, and injured regions included some normal white matter. We used consistent anatomical landmarks surrounding the region of injury to compare changes in DTI parameters and conventional MR parameters. This technique allowed analysis of the MRI signal characteristics arising from a well-defined region containing histologically-verified TAI. As techniques for the co-registration of MRI and histological data sets improve, it may be possible to more precisely compare the spatial distribution of histologically defined TAI to spatial patterns of abnormal DTI or MRI data. Such techniques include transformation into standardized space (Nowinski et al., 2006) , ex vivo imaging of tissue slices (Bo et al., 2004; De Groot et al., 2001; Schmierer et al., 2003) , and the use of fiducial marker systems (Susil et al., 2006) . The observed decreases in relative anisotropy were due to either isolated reductions in AD (Eq. (5); Fig. 4 ) or the combination of reduced AD and increased RD (Fig. 8) . It has been hypothesized that reduced AD reflects axonal injury and increased RD reflects myelin injury (Song et al., 2003) . The purpose of the current study was not to test this hypothesis, as this model of experimental TBI produces a complex injury. Instead, our findings provide evidence that DTI shows abnormal signal in areas with histologically confirmed axonal injury. A limitation of the current study is that we did not exhaustively quantify other pathologies, such as demyelination, gliosis, and inflammatory responses that may be occurring in addition to axonal injury.
Our findings provide support for the hypothesis that traumatic axonal injury can be associated with changes in DTI signal characteristics. They do not fully address all of the issues of timing, sensitivity and specificity that are required to determine the utility of this method as a novel diagnostic technique for clinical use. In the short term, more experimental time points are needed to describe the evolution of TAI and the ability of DTI to accurately track this progression. A greater range of injury severities is needed to establish the limits of sensitivity of this technique. A more precise co-registration method would improve the quantitative comparison between MRI images and histology. Evaluation of demyelination and edema may help address the histological correlates of an isolated reduction in AD versus a decrease in AD with a concomitant increase in RD. It will also help address the specificity of a reduction in relative anisotropy without changes in conventional MRI parameters. For example, in a recent DT imaging study reduced RA associated with elevated T2 signal (suggestive of edema) was associated with unaltered white matter tracts assessed by fiber tracking (Ducreux et al., 2005) . In contrast, reduced RA and normal T2 signal was associated with disrupted white matter tracts. However, neither finding was confirmed histologically. In the current study, there were no T2 abnormalities suggestive of edema in the regions of interest. In future work, it will be important to assess the extent of edema histologically. Imaging studies in other animals in-vivo and in post-mortem human tissue samples will be needed to assess the generality of these findings.
In the long term, two groups of patients could benefit most from improved non-invasive assessment of TAI. First, TBI patients with low initial Glasgow Coma Score ratings could benefit from a technique that allows accurate distinction between reduced neurological function due to brain injury as opposed to concomitant medical issues such as the effects of alcohol or sedative drugs, infection, metabolic disturbances, or extracranial injuries. Second, mild TBI patients with ambiguous clinical histories and normal conventional imaging results could benefit from an objective test that could verify the presence of axonal injury for the purposes of rehabilitation, prognosis, and clarification of the nature of the injury to third parties (i.e. insurance companies, workman's compensation, legal proceedings, etc.).
The importance of noninvasive methods to detect and quantify axonal injury is underscored by ongoing trials of neuroprotectants such as cyclosporin A (Empey et al., 2006; Mazzeo et al., 2006) and hypothermia (Adelson et al., 2005) that are aimed at least in part at reducing axonal injury Koizumi and Povlishock, 1998; Okonkwo et al., 1999; Scheff and Sullivan, 1999) . Stratification of patients based on the presence or severity of axonal injury could significantly improve the design of such trials. Furthermore, changes in imaging characteristics reflective of axonal injury could be used as a pharmacodynamic biomarker to develop and monitor such therapeutics.
In conclusion, DTI has significant potential as a tool to assist in the clinical and experimental evaluation of traumatic brain injury. Improved assessment techniques may speed the development of effective therapeutic strategies, aid in the clinical management of patients, and allow more accurate prognostic statements to be made at earlier time points following injury. However, further experimental work is clearly required to fully define the utility of this approach.
